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Ground Granulated Blast Furnace Slag
Structural health monitoring
Compressive strengtha b s t r a c t
Indirect estimation of compressive strength through non-destructive testing is key to monitoring the
strength of structural concretes used in construction and rehabilitation works. However, no models are
available to perform this estimation in highly Self-Compacting Concrete (SCC) with Recycled Concrete
Aggregate (RCA). To fill this gap, two indirect measures were tested in this paper, the hammer rebound
index and Ultrasonic Pulse Velocity (UPV), to predict the compressive strength of highly SCC. To do so,
24 SCC mixes were developed with different aggregate powders, binders, such as Ground Granulated
Blast Furnace Slag (GGBFS), and contents of fine RCA. Compressive strength, and both indirect measures
of all mixtures were determined at 1, 7, 28, and 90 days. The development of specific models for highly
SCC responded to the inappropriateness of conventional models that are not adapted to its high fines con-
tent. Modelling as a function of either UPV or the hammer rebound index yielded accurate predictions,
although the UPV model proved more sensitive to compositional changes and presented higher uncer-
tainty. The best predictionsweremodelled by combining both indirectmeasures. Themodels provided safe
and accurate indirect estimations of the compressive strength of high flowability SCC in real structures.
 2021 Elsevier Ltd. All rights reserved.y.
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Traditionally, non-destructive tests have been used to esti-
mate the compressive strength of concrete [1] in rehabilitation
works [2], and for the estimation and monitoring of concrete
strength during construction and throughout the lifecycle of
the structure [3]. The oldest and the most common methods
are the so-called indirect measures: the hammer rebound index,
which is based on the surface hardness of the concrete [4], and
Ultrasonic Pulse Velocity (UPV) analysis, which depends on the
microstructure of the material [5]. Although the use of such
semi-destructive methods as penetration resistance [6] and core
tests [7] are increasingly widespread, indirect measures are still
very useful on site, due to their greater simplicity and quicker
execution.
The hammer rebound index test was developed in the 1940s
and has been widely used ever since, because of its low cost and
ease of use [8]. This test only requires a Schmidt rebound hammer,
whose operation is shown in Fig. 1 [9]. When the hammer is moved
towards the plunger, which has been previously placed in contact
with a concrete surface, preferably at a right angle, a spring
attached to the plunger is simultaneously tensed. The energy of
the spring is released at the end of the plunger and a calibrated
weight is pushed upwards. The distance this mass is displaced,
dependent upon the recoil energy of the spring, represents the
hammer rebound index value [10]. The validity of this method
for the estimation of compressive strength was first demonstrated
over half a century ago [11]. Nevertheless it has since been noted
that its results will depend on the aggregate properties [4] and
their natural source [12], so that its validation will therefore be
dependent on statistical models [1].
UPV analysis also emerged in the 1950s [13], although its
main advances occurred at the end of the century [14]. UPV is
measured by an ultrasonic device, which determines the time
(ms) that an ultrasonic signal at a frequency of 1 kHz takes to
reach the receiving transducer, from the transmitting transducer
[15]. The direct method of performing this measurement is the
most common, in which the two transducers are positioned
opposite each other (Fig. 2). Both the propagation of internal
damage within concrete [16], and its porosity [17] can be evalu-
ated with the UPV test. In addition, it is highly conditioned by
the stiffness of the material, so it correlates with the compres-
sive strength and the modulus of elasticity of the concrete
[18]. The statistical adjustment of the model is also essential
for accurate and safe use [5].Fig. 1. Operation of the Schmidt rebound hammer [9].
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Even though these indirect measures have long been employed,
their progress in relation to their use and application in construc-
tion has been remarkable since 2000 [19]. Some new trends in this
field include their successful use at evaluating the compressive
strength of concrete at early ages [20,21], to study the spatial vari-
ability of concrete strength [22,23], especially in beams [24], and
high-precision detection of micro-cracking within the damaged
concrete [2,25], especially with UPV analysis [26]. In addition,
there is also a field of research regarding their applicability in con-
cretes made with alternative materials [27,28], and in non-
conventional concretes, such as high performance fiber-
reinforced concrete [29] and Self-Compacting Concrete (SCC) [30].
Among the new trends in concretes with special applications,
SCC is perhaps the most prominent nowadays [31], due to its high
flowability in the fresh state, which facilitates placement without
vibration [32]. On the other hand, the use of wastes for the produc-
tion of concrete, including SCC [33], has also been increasing over
recent years, as a sustainability improvement strategy within the
construction sector [34]. Among the different residues that can
be recovered as aggregate for concrete production, such as bricks
[35], siderurgic slags [36], and construction and demolition waste
[37], Recycled Concrete Aggregate (RCA) stands out [38], due to
its mechanical properties [39].
The results of the literature [40], backed up by our own past
experience [41], have confirmed that the use of coarse RCA, com-
pared to fine RCA, results in a lesser decrease in the compressive
strength of concrete. The few studies on the non-destructive test-
ing of concretes containing RCA have therefore generally been
focused on the validity of concrete manufactured with only coarse
RCA. In this regard, a relevant conclusion is that the addition of
coarse RCA alters the standard benchmarking of indirect measure-
ments and their relationships with compressive strength [42,43].
Nevertheless, they have successfully predicted the behavior of
the concrete manufactured with this waste even at 1 day [21],
despite the fact that the addition of RCA sometimes delays the
development of concrete strength [41]. Finally, it has also been sta-
ted that the joint use of two non-destructive methods provides
greater security for the estimation of the strength of concrete con-
taining coarse RCA [44], due to the variability of the properties of
this recycled aggregate [45]. It is especially significant that the val-
idation of non-destructive testing in concrete manufactured with
fine RCA is practically non-existent, as the nature of the finest
aggregate fractions affects the accuracy of the concrete strength
estimation through indirect measurements [43]. One study con-
cluded that the UPV values were lower when the fine fraction of
RCA was used, compared to concrete manufactured with natural
aggregates [46], and another one found that linear equations were
suitable to predict the compressive strength [47], although it was
not checked whether other models provided a more precise fit.
SCC is characterized by a large content of fines and water [48]
and therefore a large proportion of cement paste [32] to achieve
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particular material, has been demonstrated in some studies
[30,47]. Their main conclusion was that the pre-established ratios
between compressive strength and the indirect measures, suitable
for conventional concretes, were not applicable. Despite that con-
clusion, no precise general relationships have up until now been
established between indirect measurements and the compressive
strength of SCC.
As observed above, the validity of the indirect measures on SCC
containing RCA has many shortcomings, especially when used in
the fine fraction, which has a particular impact in the case of the
SCC. The main objective of this research work is to establish
whether the compressive strength of SCC containing high amounts
of both coarse and fine RCA can be accurately estimated by both
the hammer rebound index and UPV analysis. Moreover, among
the various possible SCC flowabilities, an SF3 slump-flow class
[49] (very high flowability) was chosen, due to its extreme propor-
tion of fines and powder compared to vibrated concrete [50],
which can to a greater extent alter the validity of indirect measures
to predict compressive strength.
Furthermore, this research is part of a larger project for the
evaluation of different aspects of recycled self-compacting con-
cretes (100% coarse RCA), and it is linked to other novel aspects
such as the effect of the addition of alternative binders, in this case
Ground Granulated Blast Furnace Slag (GGBFS), and different types
of aggregate powder. In the present paper, this aspect is leveraged,
to test the consistency of the indirect measures regardless of any
change in the composition of the SCC mixtures.
The final purpose of this paper is to develop models that can be
used to estimate the compressive strength of SCC containing RCA
with similar levels of reliability to conventional concrete, so that
the strength monitoring by non-destructive testing of this material
is possible in any structure. In doing so, the authors aim to promote
the actual use of SCC containing RCA.
The compressive strength, the hammer rebound index, and the
UPV of 24 SCC mixtures were determined at 1, 7, 28, and 90 days
for the evaluation and the analysis of all the aspects addressed
above, in order to analyze all the aspects addressed. These mixes
were manufactured with 100% coarse RCA, and 0, 50, or 100% fine
RCA, as well as two different types of cement (CEM I and CEM III/A,
this last one with around 45% of GGBFS) and four different types of
aggregate powder (limestone filler, two sizes of limestone fines,
and RCA).1.1. Novelty of the study
In view of the above discussion throughout the introduction,
this study presents the following novelties:
 Firstly, it demonstrates the validity of indirect measures (ham-
mer rebound index and UPV) to estimate the compressive
strength of SF3 class SCC. This type of concrete, with a highly
particular mix design, has never before been subjected to this
type of analysis.
 Secondly, it evaluates the effect of several combinations of fine
RCA content, type of binder, and aggregate powder in the rela-
tionship between compressive strength and indirect measures
in highly SCC. These components are of immense importance
in the behavior of SCC, due to its high content of fine particles,
and therefore condition the validity of the indirect measure-
ments. Studies on SF2 class SCC have to date only focused on
coarse RCA content.
 Finally, this study is the first one that provides suitable models
to estimate the compressive strength of SCC through non-
destructive testing regardless of its composition.3
2. Materials and methods
The raw materials and the experimental procedure used to
obtain the results are detailed in this section, before moving on
to the presentation of the experimental results.2.1. Materials
The main characteristics of the raw materials (cement, aggre-
gates, admixtures, and water) used for the manufacture of SCC
are set out below.2.1.1. Cement, water, and admixtures
Both CEM I 52.5 R (density 3.12 Mg/m3) and CEM III/A 42.5 N
(density 3 Mg/m3), from among the various cement types specified
in standard EN 197-1 [51], were used. The main difference
between them was the presence of Ground Granulated Blast Fur-
nace Slag (GGBFS) in the CEM III/A (content around 45%). Water
was used from the mains water supply of Burgos, northwestern
Spain, where the experiment was performed. Two admixtures
were used to optimize the SCC: a viscosity regulator, referred to
here as ‘‘Adx1”, that retains long-term flowability, and a plasticizer
water reducer, ‘‘Adx2”.2.1.2. Natural and recycled aggregates
The SCCs developed in this study contained high volumes of
RCA: 100% of the coarse fraction (4/12 mm) and 0, 50, or 100% of
the fine fraction (0/4 mm). The RCA consisted of crushed precast
concrete elements at a local waste treatment company, rejected
due to aesthetic defects. Its average strength was 45 MPa. They
were received in the laboratory with a continuous grain size of
0/31.5 mm, which was separated by sieving into three different
fractions (0/4, 4/12.5, and 12.5/31.5 mm), the first two of which
were used in this study. The fine aggregate content was completed
by the addition of siliceous sand 0/4 mm, usually used for SCC pro-
duction in the region.
Limestone filler is generally used as aggregate powder in the
manufacture of SCC [45]. Nevertheless, in this study, four aggregate
powders were compared in terms of their performance: limestone
filler < 0.063 mm, commercial limestone fines 0/1 mm, limestone
fines 0/0.5 mm, and RCA 0/0.5 mm. The last two materials were
graded by sieving limestone fines 0/1 mm and RCA 0/4 mm,
respectively.
The density and water absorption of these aggregates, as per EN
1097-6 [51], are shown in Table 1. Two aspects of the test should
be considered, regarding the determination of aggregate water
absorption. Firstly, water absorption in 15 and 45 min was deter-
mined without prior drying of the aggregates in an oven, so the
results could be assimilated to the water absorption of the aggre-
gate during mixing. Secondly, the fine RCA was continuously
moved during the drying process to avoid the onset of setting dur-
ing this test. From a comparison of the results, it can be observed
that, as expected, RCA had a lower density and higher water
absorption than NA [41]. Finally, the granulometry curves of all
these aggregates are shown in Fig. 3.2.2. Mix design
A total of 24 different mixtures were prepared from combina-
tions of the different types of cement, the aggregate powder, and
the fine RCA percentages. All the aggregates were used under envi-
ronmental conditions (they were stored in the laboratory through-
out the study), to assimilate the mixing of the SCC to the most
common method used in concrete plants [52]. An SF3 slump-
Table 1
Density and water absorption of the aggregates.
Aggregate Saturated-Surface-Dry (SSD) Density (Mg/m3) 15 min water absorption (%) 45 min water absorption (%) 24 h water absorption (%)
Coarse RCA 4/12.5 mm 2.42 4.90 5.35 6.25
Fine RCA 0/4 mm 2.37 5.77 6.34 7.36
Siliceous sand 0/4 mm 2.58 0.18 0.22 0.25
Limestone fines 0/1 mm 2.62 1.88 2.12 2.53
Limestone fines 0/0.5 mm 2.60 1.95 2.26 2.57
RCA 0/0.5 mm 2.31 6.32 6.94 7.95
Limestone
filler < 0.063 mm
2.77 – – 0.54
Fig. 3. Aggregate size distribution.
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all mixtures was obtained with the following design criteria:
 First, the overall particle size, especially of the finest fractions
(size less than 0.250 mm), was adjusted to the Fuller curve to
reach self-compactability. This is shown in Fig. 4 for mixtures
made with CEM I and 50% fine RCA.
 The initial water content was defined according to EFNARC rec-
ommendations [49] and empirically adjusted in trial mixtures
with 100% coarse RCA and 0% fine RCA before producing the
final mixtures. An effective water-to cement ratio of 0.50 in
mixes with CEM I and 0.40 in mixes with CEM III was estab-
lished. These amounts of water were adjusted in each mix with
fine RCA (0/4 mm and/or 0/0.5 mm) to maintain the effective
water-to-cement ratio constant. To that end, the additional
water incorporated in each mixture corresponded to the results
of the water absorption test of the RCA in 15 min (see Table 1),
which was the mixing time (see Section 2.3).
 Furthermore, the coarse RCA was reduced in the mixtures with
CEM III/A, to enhance flowability, as the highly ground fineness
of CEM III/A hindered the drag force of the larger aggregate
particles.
All these aspects led to the development of the mix design that
is shown in Table 2. The mixtures were labelled C-N/T, which
means:
 C refers to the type of cement used: I (CEM I) or III (CEM III/A).
 N refers to the percentage of RCA 0/4 mm incorporated in the
mixture: 0, 50, or 100%.4
 T refers to the type of aggregate powder: F (limestone filler), M
(mix of limestone filler and limestone fines 0/1 mm), L (lime-
stone fines 0/0.5 mm), and R (RCA 0/0.5 mm). The use of only
limestone fines 0/1 mm as aggregate powder was insufficient
to reach an SF3 slump-flow class and had to be combined with
limestone filler.2.3. Experimental procedure
Staged mixing processes are useful for maximizing both compo-
nent hydration and, therefore, SCC flowability levels [53]. They are
especially useful when aggregates with high water absorption are
incorporated, such as fine RCA [54]. Hence, in this research, the
components of the mixtures were added in three different stages
during the mixing process. Each stage was followed by 3 min of
mixing and 2 min of inactivity. These durations were determined
after testing different mixing and inactivity times between 1 and
5 min, to maximize flowability [52]. The total duration of this mix-
ing process was 15 min and the stages were as follows:
 Stage 1: addition of the aggregates (coarse RCA, siliceous sand
and/or fine RCA, and aggregate powder) and half of the water.
 Stage 2: addition of cement and remaining water
 Stage 3: addition of admixtures.
Having completed this process, the self-compactability over
time of the mixes (initial class SF3) was checked with the slump-
flow test at 0 and at 30 min, and 12 cubic 10  10  10-cm speci-
mens were produced for each mixture.
Fig. 4. Joint granulometry of the mixes with 50% fine RCA and CEM I.
Table 2
Mix design (weights in kg).
Mixtures with CEM I Mixtures with CEM III/A
CEM I 300 0
CEM III/A 0 425
RCA 4/12.5 mm 530 430
Adx1 2.30
Adx2 4.50
I-0/F I-50/F I-100/F III-0/F III-50/F III-100/F
Limestone filler < 0.063 mm 165
Water 185 210 235 185 210 235
RCA 0/4 mm 0 505 1010 0 505 1010
NA 0/4 mm 1100 550 0 1100 550 0
I-0/M I-50/M I-100/M III-0/M III-50/M III-100/M
Limestone filler < 0.063 mm 115
Limestone fines 0/1 mm 225
Water 185 210 235 185 210 235
RCA 0/4 mm 0 435 865 0 435 865
NA 0/4 mm 940 475 0 940 475 0
I-0/L I-50/L I-100/L III-0/L III-50/L III-100/L
Limestone fines 0/0.5 mm 335
Water 185 210 235 185 210 235
RCA 0/4 mm 0 435 865 0 435 865
NA 0/4 mm 940 475 0 940 475 0
I-0/R I-50/R I-100/R III-0/R III-50/R III-100/R
RCA 0/0.5 mm 305
Water 200 220 245 200 220 245
RCA 0/4 mm 0 435 865 0 435 865
NA 0/4 mm 940 475 0 940 475 0
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and 20 ± 2 C temperature) to achieve optimum strength develop-
ment. Three days before each age testing, the specimens were
exposed to the laboratory environment (60 ± 5% humidity and
20 ± 2 C temperature), to obtain a completely dry concrete surface
[2]. The real conditions of the structure when its compressive
strength is indirectly estimated were thereby simulated [3].
The hammer rebound index, the UPV analysis, and the compres-
sive strength of 3 test specimens were determined at 1, 7, 28, and
90 days. The results at each age and mix were obtained as the
arithmetic mean of these values. The testing of all SCCs at four dif-5
ferent ages meant that this study covered a wide range of
strengths. The hardened density was also determined at 28 days.
The experimental plan and its link to the results, discussed in
Section 3, are shown in the flowchart of Fig. 5.
2.4. Relationship between indirect measurements and compressive
strength in conventional concretes
In this study, a Schmidt hammer type N was used for the mea-
surement of the hammer rebound index. The compressive strength
of the non-recycled vibrated concrete can be estimated from
Fig. 5. Flowchart of the study: experimental plan versus experimental results.
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type of Schmidt hammer. The values within this table were
obtained by statistical fitting of large data volumes, a fundamental
aspect for the validity of these models [56], as stated in the
introduction.
There is no one standard calibrated UPV model. However, the
relationships shown below are generally established between the
UPV and the compressive strength values [13], although the ham-
mer rebound index is generally recommended to complement the
UPV values [5].
 Low-strength concrete: 2.5–3.2 km/s.
 Medium-strength concrete: 3.2–3.7 km/s.
 High-strength concrete: 3.7–4.2 km/s.
 Very high-strength concrete: >4.2 km/s.
3. Results and discussion
In this section the fresh performance of the SCCs designed are
presented. Then, the results of compressive strength, the hammer
rebound index, and UPV, as well as the relationships between these
variables are analyzed.Table 3












Wm Wmin Wm Wmin Wm
20 9.9 5.3 11.9 7.3 31 25.
21 11.1 6.3 12.9 8.1 32 26.
22 12.4 7.4 14.2 9.2 33 28.
23 13.6 8.4 15.4 10.2 34 30.
24 14.9 9.6 16.6 11.3 35 31.
25 16.3 10.8 18.0 12.5 36 33.
26 17.7 12.0 19.2 13.5 37 35.
27 19.1 13.2 20.6 14.7 38 37.
28 20.6 14.6 22.1 16.1 39 38.
29 22.1 16.0 23.4 17.4 40 40.
30 23.6 17.5 24.9 18.7
Wm: most likely compressive strength value (MPa)
Wmin: minimum expected compressive strength value (MPa)
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3.1. In-fresh performance: slump-flow test
The slump flow, EN 12350-8 [51], of each mix, obtained at 0 and
at 30 min after the mixing process had ended, is shown in Fig. 6 to
an accuracy of ± 5 mm. As has been indicated in the mix design
section, an SF3 slump-flow class [49] at 0 min was imposed as a
design criterion. On the other hand, 30 min later, most of the mixes
were of class SF2 (maximum diameter between 650 and 750 mm),
except for mixes I-50/R and I-100/R, which did not reach the value
of 650 mm (slump-flow class SF1). The behavior of these two
mixes was mainly due to the high water absorption of the RCA,
which was used in these mixes as fine aggregate and aggregate
powder
The three variables introduced in the composition of the mix-
tures (type of cement, fine RCA content, and nature of the aggre-
gate powder) influenced the slump-flow evolution in a different
way:
 In mixtures with CEM III/A, the lower coarse aggregate propor-
tion (see Section 2.2) eased the dragging of all the components
of the mixture by the cement paste [57], which in turn led to a













Wmin Wm Wmin Wm Wmin Wm Wmin
2 18.9 26.4 20.1 41 42.4 35.2 42.6 35.4
9 20.5 28.0 21.6 42 44.1 37.0 44.2 37.1
5 22.1 29.4 23.0 43 46.0 38.7 46.1 38.8
1 23.5 30.9 24.3 44 47.9 40.6 47.9 40.6
8 25.1 32.5 25.8 45 49.7 42.4 49.7 42.4
5 26.8 34.1 27.4 46 51.6 44.2 51.6 44.2
3 28.4 35.8 28.9 47 53.5 46.1 53.5 46.1
0 30.1 37.4 30.5 48 55.4 48.0 55.4 48.0
7 31.8 39.0 32.1 49 57.3 49.8 57.3 49.8
5 33.4 40.8 33.7 50 59.2 51.7 59.2 51.7
Fig. 6. Slump flow 0 and 30 min after the end of the mixing process.
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sand, increased the initial slump flow. Nevertheless, the high
water absorption worsened its temporary conservation, as other
researchers had previously observed [54].
 In relation to the different types of aggregate powder, the use of
limestone filler caused a higher initial slump flow (F-mixes).
However, a lower temporal slump-flow loss was obtained with
the use of limestone fines 0/0.5 mm (L-mixes). The high water
absorption levels of the RCA filler (see Table 1) resulted in the
worst behavior, obtained for the R-mixes, as has also been
observed by other authors [58], regardless of the type of cement
or the percentage of fine RCA. The pre-soaking of the RCA could
have improved this behavior by reducing the water absorption
of this waste after the mixing process [52].
The parameter t500 (time to reach a slump flow greater than
500 mm), also obtained in the slump-flow test, was used to evalu-
ate the viscosity of the SCCs. In this study, these values were
obtained to an accuracy of ± 0.2 s. As may be observed in Fig. 7,
all the concrete mixtures presented an initial viscosity of class
VS2 (time to reach a slump flow of 500 mm higher than 2 s),
although mixtures III-0/F and III-0/L were of class VS1 (values of
1.6 and 1.8 s, respectively). After 30 min, all mixtures were class
VS2, clearly showing the effects of all the changes within the
composition:
 CEM III/A, which incorporated GGBFS, reduced the initial viscos-
ity. However, the mixes with CEM III/A had a greater temporal
increase in viscosity than mixes with CEM I. This fact is due to
the properties of GGBFS that usually hinder the temporary
preservation of viscosity [59].
 The addition of fine RCA increased the viscosity both initially
and at 30-minutes. Mixtures with 100% fine RCA were the most
viscous. These observations are in line with the conclusions
reached in studies on the effect of fine RCA on the temporal evo-
lution of the rheology of the SCC [60].
 The aggregate powder influenced the viscosity of the mixtures
in the same way as in the slump flow. Initially, the mixtures
with limestone filler were the least viscous. However, due to
the electrostatic charge that the limestone filler acquires during
its manufacture [61], the smallest temporary increase in viscos-
ity was in the L-mixes. According to this, the M-mixes showed
an intermediate behavior. Finally, the irregular shape of the7
RCA filler [62] and its high water absorption [58] resulted in
the highest initial viscosity and the largest temporary increase
in the R-mixes.
These slump-flow and viscosity results show that a careful
design of the mixture means that the concretes can achieve a high
initial workability, even if RCA (in the coarse, fine, and powder
fractions) and GGBFS are simultaneously used [63]. However, the
addition of these by-products complicate the temporary conserva-
tion of SCC flowability levels [54,64]. Moreover, their adverse
effects appeared to increase when they were jointly used. From
the results, it can be concluded that concrete mixtures with 50%
fine RCA optimized their slump flow, and viscosity simultaneously,
as well as their temporary conservation, regardless of the binder or
the natural aggregate powder in use. These optimum amounts of
RCA are in accordance with the results of other authors [33], whose
recommendations were never to exceed an RCA content of 50% in
the fine fraction when the whole coarse fraction is RCA [65].
3.2. Hardened density
The hardened density of each mix, determined according to EN
12390-7 [51], is shown in Table 4. These values showed the
expected trends. Firstly, the hardened density of concrete was
reduced when RCA, regardless of its fraction, was used, due to its
lower density compared to NA, a widely reported aspect in the lit-
erature [54]. Secondly, the increase of the amount of mix water
when RCA was added also favored the decrease of the hardened
density [41]. Finally, the hardened density increased in mixtures
with CEM III/A, due to their higher content of cement, which is
denser than coarse RCA.
3.3. Compressive strength
SCC flowability and strength are very sensitive to changes in the
mix composition, even more so if by-products are incorporated
[45]. Therefore, it is essential to obtain a balance between flowabil-
ity and strength through a correct mix design [66]. In this study,
the main objective was to achieve SCCs with a SF3 slump-flow
class, so the amount of water was adapted when the fine RCA con-
tent increased, to compensate its high water absorption and to
maintain high flowability of the SCC, but at the same time to
achieve a suitable compressive strength [41]. As a result of both
Fig. 7. T500 viscosity at 0 and at 30 min after the end of the mixing process.
Table 4
Hardened density of the mixes (Mg/m3).
/F /M /L /R
I-0 2.26 2.24 2.24 2.15
I-50 2.19 2.17 2.09 1.95
I-100 2.05 1.97 1.93 1.76
III-0 2.30 2.27 2.24 2.15
III-50 2.23 2.21 2.16 2.08
III-100 2.12 2.07 2.02 1.81
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the compressive strength decreased at all ages (1, 7, 28, and
90 days) when this waste was used, as shown in Fig. 8. The addi-
tion of 50% fine RCA caused a decrease in strength of around 2–
7 MPa at 90 days, compared to mixtures without this by-product.
This decrease was 10–20 MPa for mixes with 100% fine RCA. There-
fore, the decrease in strength was not proportional to the amountFig. 8. Compressive strength at 1, 7, 28
8
of fine RCA that was added [33], which could be due to the adjust-
ment of the water content of the mixture, which differed for each
fine RCA content [39].
The use of GGBFS, rather than causing a decrease, led to an
increase in strength, despite the lower clinker content of the mixes
(assuming a clinker content of 95% for CEM I and 55% for CEM III/A,
according to EN 197-1 [51], the clinker content in mixtures with
CEM I was 285 kg/m3, and only 235 kg/m3 in mixtures with CEM
III/A). These results demonstrated the good behavior of GGBFS as
a binder [67], even when it was combined with coarse and fine
RCA [63].
The mixtures with the same type of cement and fine RCA con-
tent, but with different natural aggregate powders (limestone filler,
mix of limestone filler and limestone fines 0/1 mm, or limestone
fines 0/0.5 mm), had very similar strengths at 90 days, and showed
trends with regard to the fine RCA content that have also been
observed in other studies [65]. However, the values obtained in
the L-mixes were slightly higher. The use of RCA 0/0.5 mm pro-, and 90 days on cubic specimens.
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R had final strengths of over 45 MPa. Mixture I-100/R was the only
one not to reach a compressive strength of 30 MPa at 90 days.
In addition to the compressive strength values that were
obtained, it is possible to analyze the effect of each mix component
on the temporal evolution of this strength (Fig. 9). The mixtures
manufactured with CEM III/A presented a higher final strength
(Fig. 8), although they showed a slower temporal evolution. This
effect of the GGBFS is reported by both standards, such as EN
197-1 [51], and studies that evaluated the effect of the joint use
of RCA and GGBFS [59]. Moreover, the addition of fine RCA also
delayed the acquisition of strength [41]. Thus, the mixtures con-
taining CEM I, natural aggregate powder, and 100% siliceous sand
0/4 mm developed 83–89% of their strength at 7 days. Neverthe-
less, the same mixtures, but with 100% fine RCA developed only
76–80% of their final strength. This effect was more notable when
fine RCA and GGBFS were simultaneously used: mixes with CEM
III/A and 100% fine RCA had developed only 63–74% of their final
strength at 7 days. The use of RCA 0/0.5 mm further delayed the
development of strength: at 7 days, mixture I-100/R presented
only 54% of its strength at 90 days.
From all aspects addressed in this section, a clear conclusion can
be obtained: the addition of 50% fine RCA (in mixtures with 100%
coarse RCA) resulted in minimal decreases in strength. In addition,
the flowability of these mixtures was adequate (see Section 3.1).
Therefore, the authors of this article considered that the most suit-
able fine RCA content in this study was 50%. The addition of GGBFS
to these mixtures was also adequate, because this alternative bin-
der yielded high compressive strengths.3.4. Hammer rebound index
Similar to the compressive strength, the hammer rebound index
was determined at 1, 7, 28, and 90 days for all mixes. The hammer
rebound index of each specimen was obtained as the median of
nine determinations, according to EN 12504-2 [51]. The overall
result of each mixture at each age was the arithmetic mean of three
test specimens (Table 5). Therefore, a total of 2592 hammer
rebound tests were performed, considering all the specimens, ages,
and mixtures.
The increase in compressive strength resulted, as expected, in
an increase in the hammer rebound index [47]. The increase inFig. 9. Percentage compressive stre
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the hammer rebound index of the SCC produced with GGBFS was
higher than expected in view of the trends shown by the models
developed for non-recycled concrete (see Table 3). In the mixes
produced with GGBFS, the surface hardness depended mainly on
the binder instead of the coarse aggregate. Therefore, the hydration
process of the binder led to higher increases of the hammer
rebound index.
Furthermore, the value of the hammer rebound index at each
age depended on the type of binder in use. Mixes with CEM I devel-
oped almost all its compressive strength at 28 days, so the results
at 28 and 90 days were very similar. Nevertheless, mixes with CEM
III/A underwent a higher evolution of the hammer rebound index,
because of its slower strength development. Finally, the addition of
RCA, with a lower surface hardness than NA, also caused the ham-
mer rebound index to decrease [44] regardless of whether it was
added as fine aggregate or aggregate powder.3.4.1. Model of the relationship between the hammer rebound index
and compressive strength in conventional concretes
As explained in Section 2.4, the model shown in Table 3 was
obtained for vibrated concrete made with NA [55]. The compres-
sive strengths of the cubic concrete specimens of this study were
estimated with that model as a function of the hammer rebound
index, and the results are shown in Fig. 10. This figure is a compar-
ative graph between the observed value of compressive strength
results, shown in Fig. 9, and the estimated strength at different
ages through the hammer rebound index, using the model given
in Table 3. The bisector indicates the points at which the observed
strength was equal to the estimated strength. If the points are
above this bisector, the observed values were greater than the esti-
mated ones.
The first general observation on the basis of this figure is that,
using this conventional model (Table 3), the compressive strength
was, in all cases, underestimated. The high content of fine aggre-
gate and aggregate powder required to produce a SF3 class SCC
[45] showed that it had a lower surface hardness than expected
and, therefore, the hammer rebound indexes were also lower. This
effect was generally greater in mixtures made with CEM III/A, due
to their lower amount of coarse aggregate. Moreover, the existing
model underestimated the compressive strength by approximately
15 MPa (30–40%), for observed compressive strengths of
20–50 MPa. When the observed strength was higher thanngths at 1, 7, 28, and 90 days.
Table 5
Hammer rebound index values at 1; 7; 28; 90 days.
/F /M /L /R
I-0 25; 34; 39; 40 25; 35; 39; 42 24; 33; 41; 42 17; 28; 29; 32
I-50 23; 30; 34; 37 23; 31; 34; 41 20; 31; 40; 41 12; 22; 26; 28
I-100 19; 26; 28; 32 20; 26; 29; 31 18; 26; 29; 30 10; 12; 18; 21
III-0 20; 39; 42; 45 17; 36; 42; 46 18; 40; 46; 48 11; 28; 31; 32
III-50 17; 31; 33; 41 15; 31; 40; 43 17; 38; 45; 48 10; 26; 28; 30
III-100 14; 25; 30; 32 15; 31; 33; 40 13; 27; 32; 34 10; 20; 26; 27
Fig. 10. Relationship between the predicted compressive strength with the
hammer rebound index, according to Table 3, and the experimental results of
compressive strength.
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10 MPa (15–20%). Most of the mixes with compressive strengths
of between 20 and 50 MPa incorporated fine RCA and/or RCA filler.
Hence, it appeared that RCA increased this underestimation, due to
its lower hardness compared to NA [44]. From these results, it can
be concluded that the models developed for vibrated concreteTable 6
Adjustment of compressive strength (MPa) as a function of the hammer rebound index.
Mixes with the same type of cement Mixes with CEM I
Mixes with CEM III/A
Mixes with the same fine RCA content Mixes with 0% RCA 0/4 mm
Mixes with 50% RCA 0/4 mm
Mixes with 100% RCA 0/4 mm
Mixes with the same aggregate powder Mixes with limestone filler
Mixes with limestone filler and limes
Mixes with limestone fines 0/0.5 mm
Mixes with RCA 0/0.5 mm
10were not valid for SF3 class SCC, so in the next section the develop-
ment of new models for this type of concrete will be studied. The
final aim will be to obtain a single model valid for recycled SCC
of high-flowability regardless of its composition.
3.4.2. Development of a new model for the relationship between the
hammer rebound index and compressive strength
In view of the results set out in the previous section, a particular
model is needed to estimate compressive strength as a function of
the hammer rebound index in SF3 class SCCs containing RCA.
Firstly, the two best-fit models for the relationship between both
variables (CS, Compressive Strength, in MPa; and HRI, Hammer
Rebound Index) are presented in Table 6, distinguishing between
the different variations introduced in the composition of the mix-
tures (type of cement, fine RCA content, and nature of the aggre-
gate powder).
It can be seen that an optimal adjustment was obtained, with
coefficients R2 of over 95% in almost all cases. Therefore, the com-
pressive strength of the SCC can be accurately estimated by the
hammer rebound index regardless of its composition, as other
studies have suggested in relation to the coarse and fine RCA con-
tent [47]. On the other hand, it is also possible to analyze the effect
that each change in the composition of the mixture has on the rela-
tionship between these two variables:
 Modification of the type of cement or fine RCA content (up to
percentages of 50%) led to no change in the nature of the models
with the best fit, which means that models with the same
expression were obtained, according to Eq. (1). The only differ-
ence between them was the value of the coefficients (a, b).
CS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aþ b  HRI2
q
ð1ÞModel expression Coefficient R2 (%)
CS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
270:40þ 1:86  HRI2
p
94.38
CS ¼ 10:00þ 1:56  HRI 94.08
CS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
178:11þ 1:93  HRI2
p
97.93
CS ¼ 8:62þ 1:57  HRI 97.64
CS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
197:39þ 1:90  HRI2
p
96.06
CS ¼ 7:66þ 1:53  HRI 95.39
CS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
185:55þ 1:86  HRI2
p
96.21
CS ¼ 8:03þ 1:53  HRI 95.92




CS ¼ 1:00þ 0:17  HRIð Þ2 95.37
CS ¼ 8:57þ 4:30  ln HRIð Þð Þ2 97.30





tone fines 0/1 mm
CS ¼ 2:52þ 1:55  ffiffiffiffiffiffiffiffiHRIp
 2 96.83
CS ¼ exp 1:50þ 1:49  HRIð Þ 96.78
CS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
305:51þ 1:94  HRI2
p
97.95
CS ¼ 10:59þ 1:59 HRI 97.79
CS ¼ 5:37þ 0:04  HRI2 98.44
CS ¼ 9:62þ 1:71  HRI 97.64
Construction and Building Materials 280 (2021) 122454Fig. 11. Global models with the best fit for the relationship between compressive
strength and the hammer rebound index. Nevertheless, the addition of 100% fine RCA or the use of a dif-
ferent aggregate powder resulted in a different formulation of
the best-fit model in each case. It can therefore be stated that
the surface hardness of the SF3 class SCC was mainly affected
by changes to the finer aggregate fractions [43], as other studies
have stated for SCC of lower flowability [47]. In consequence,
the relationship between compressive strength and the ham-
mer rebound index was changed.
Another relevant aspect shown in Table 6 is that, although the
linear model (Eq. (2)) is not the best-fit model in any case, it is
the model with the second better fit in 6 out of the 9 cases under
study. A result that shows why previous attempts to relate the
compressive strength and rebound rate in SCC to RCA, by consider-
ing exclusively linear equations, approximated this relationship
quite accurately [47]. However, the accuracy of this estimate can
be more precise by using equations with a slightly more complex
formulation [21].
CS ¼ aþ b  HRI ð2Þ
Notwithstanding the above, it is clear that a global model
(without differentiating between the changes in the composition
of the mixtures) that relates the indirect measure to compressive
strength is needed. Each indirect measure could therefore be
quickly and easily applied to real structures, thereby encouraging
the use of recycled SF3 class SCC in building and civil works. In
this study, the development of a global model was performed by
fitting all the data (compressive strength and hammer rebound
index of the 24 mixtures at the 4 testing ages) by simple regres-
sion. On the other hand, obtaining a single model may involve
specific goodness-of-fit problems, i.e., even though its overall
fit is correct, there may be some range of the independent vari-
able for which the estimate is imprecise. For this reason, it is
advisable to achieve greater accuracy by using at least two
models.
According to the previous paragraph, Eqs. (3) and (4) show the
two best-fit global models (coefficients R2 around 96%) for the rela-
tionship between compressive strength and the hammer rebound
indexes of the mixes of this study. In these models, the specific
goodness-of-fit problems indicated above can be clearly observed.
Despite the fact that model 1 had the best overall fit, its fit was
worse than for model 2 in the hammer rebound indexes between
10 and 15 and higher than 45. Therefore, although whenever pos-
sible the best-fit model should be used, it is recommended to
employ model 2 for hammer rebound indexes lower than 15. Both
models are plotted in Fig. 11. These models have the same expres-
sions (with different coefficients) as those obtained in most cases
by individual analysis (Table 6): Eqs. (1) and (2). It shows that
the adjustment of large volumes of data can filter out the influence
of the mixture composition (mainly the different nature of the
aggregate powder or the high fine RCA content) on this relation-
ship. Therefore, the hammer rebound index can be successfully
used to estimate the compressive strength of SF3 class SCC con-




247:45þ 1:92  HRI2
q
; if 15 < HRI < 45 ð3Þ
CS ¼ 9:53þ 1:57  HRI; if 10 < HRI < 15 and 45
< HRI < 50 ð4Þ
As previously indicated, each global model that is represented
(see Fig. 11) better fits a different compressive strength range, so
the optimal choice is a statistical combination of both (Eqs. (3)
and (4), Fig. 11) in a single model, so that the estimation will be
Víctor Revilla-Cuesta, M. Skaf, R. Serrano-López et al.11as accurate as possible. In relation to this model, it is possible to
go even further. If it is provided in table form it can be used imme-
diately, with no need for mathematical operations (equations),
which favors its quick use. For this reason and with the objective
of assimilating the way of working on this type of concrete to that
of conventional concrete (see Table 3), Table 7 shows the global
combined model in table form. It collects both the most probable
compressive strength on cubic specimens (Wm), and the minimum
expected compressive strength at a 95% confidence level (Wmin) as
a function of the hammer rebound index.
In general, as can be observed in Fig. 12, the estimation of com-
pressive strength using Table 7 is accurate. The worst fitting zone
corresponded to an estimated compressive strength of 35–
45 MPa, in which the observed compressive strength was underes-
timated by around 6 MPa. When the observed strength was overes-
timated, this strength was always higher than the minimum
expected strength shown in Table 7. It demonstrates the validity
of this model, with which the estimation is not only accurate,
but also safe. Therefore, this model can be considered a first gen-
eral approach to the use of the hammer rebound index for the esti-
mation of compressive strength in real structures manufactured
with recycled highly SCC.3.5. UPV
The propagation speed (v) of an elastic wave in a continu-
ous medium can be predicted by Eq. (5) (E, modulus of elastic-
ity; q, density). In this relationship, the dependence on the
Poisson coefficient (m) is a function of the boundary conditions
[5]. However, it is also known that in a porous media such as
concrete, the validity of this formulation can be uncertain,
especially due to the capillary-type of porosity with singular






 f mð Þ ð5Þ
Additionally, attempts to correlate the modulus of elasticity
with the compressive strength is a classic problem in the field of
Table 7
Global model for the estimation of the compressive strength on cubic specimens as a function of the hammer rebound index.
Hammer rebound index Wm Wmin Hammer rebound index Wm Wmin Hammer rebound index Wm Wmin Hammer rebound index Wm Wmin
10 6.2 0.0 21 24.0 15.0 31 39.6 33.6 41 54.7 49.5
11 7.7 1.0 22 25.6 17.3 32 41.1 35.2 42 56.2 51.1
12 9.3 1.9 23 27.1 19.3 33 42.6 36.8 43 57.7 52.6
13 10.9 2.9 24 28.7 21.3 34 44.1 38.5 44 59.2 54.2
14 12.5 3.9 25 30.3 23.2 35 45.6 40.1 45 60.7 55.7
15 14.0 4.8 26 31.9 25.0 36 47.2 41.7 46 62.2 57.3
16 15.6 5.8 27 33.4 26.8 37 48.7 43.3 47 63.7 58.8
17 17.3 6.8 28 34.9 28.5 38 50.2 44.8 48 65.2 60.3
18 19.0 7.7 29 36.5 30.2 39 51.7 46.4 49 66.7 61.9
19 20.7 8.7 30 38.0 31.9 40 53.2 48.0 50 68.2 63.4
20 22.3 12.5
Wm: most likely compressive strength value (MPa)
Wmin: minimum expected compressive strength value (MPa)
Fig. 12. Comparison between the predicted compressive strength with the hammer
rebound index global model (Table 7) and the observed compressive strength.
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the authors of this study decided to study the direct correlation
between the UPV values and the compressive strength of highly
SCC.
UPV determination was performed according to EN 12504-4
[51]. The direct method was used (see Fig. 2). The UPV value for
each specimen was obtained as the arithmetic mean of the UPV
in the three spatial directions (X, Y and Z-axis). In addition, the
overall result for each mix and age was the arithmetic mean of
the UPV values of three specimens. In total, considering all theTable 8
UPV (km/s) at 1; 7; 28; 90 days.
/F /M
I-0 3.28; 4.03; 4.12; 4.15 3.41; 4.05; 4.17; 4.11
I-50 3.17; 3.96; 4.05; 4.08 3.20; 3.95; 4.10; 4.17
I-100 2.81; 3.53; 3.71; 3.87 2.92; 3.46; 3.82; 3.90
III-0 3.09; 4.17; 4.30; 4.57 2.94; 4.10; 4.48; 4.61
III-50 2.74; 3.98; 4.07; 4.28 2.90; 3.98; 4.21; 4.49
III-100 2.65; 3.47; 3.90; 4.02 2.72; 3.81; 4.05; 4.19
12specimens, ages, and mixes, 864 UPV measures were taken. The
overall results obtained are shown in Table 8, according to which
the UPV test results were higher than expected, which led to an
overestimation of the compressive strength (see intervals of Sec-
tion 2.4): UPV values greater than 4.2 km/s were obtained when
none of the mixtures that were developed could be considered very
high-strength concrete.
The UPV values clearly reflected the high compressive strength
provided by CEM III/A at all ages. In fact, the results for mixtures
with GGBFS were 5–10% higher than those of mixtures with CEM
I. Nevertheless, this indirect measure did not accurately reflect
the evolution of compressive strength at advanced ages in some
cases, mainly when RCA 0/4 or 0/0.5 mm was incorporated. For
instance, mixture III-50/R developed around 10% of its compressive
strength between 28 and 90 days (see Fig. 9) and the UPV increased
only 0.07 km/s.
3.5.1. Relationship between UPV and density
Very early [18] and more recent studies [30] have shown that
an increase in the hardened density of concrete facilitates the
propagation of ultrasonic pulses. In this study, the necessary
reduction of the coarse aggregate content to obtain an SF3
slump-flow class resulted in a lower number of discontinuities
within the concrete matrix, which affected this relationship [8].
In Fig. 13, the best-fit simple regression models (Eqs. (6) and
(7)) between hardened density (DEN, in Mg/m3) and UPV (km/s)
are represented. Firstly, it can be seen that these models have a
highly complex formulation and show a proportionally inverse
relationship between both variables. Furthermore, a coefficient
R2 of only 69% was obtained, which makes the relationship
between hardened density and UPV unclear. This performance is
mainly due to the existence of a large number of mixes of
different densities (2–2.3 Mg/m3), but with a very similar UPV
(3.8–4.2 km/s). It therefore appears that the high fines content of
the SF3 class SCC created a very uniform medium for the propaga-
tion of ultrasonic waves [8], favoring similar UPV readings, despite
the variation in density./L /R
3.45; 4.02; 4.22; 4.33 3.00; 3.90; 3.95; 4.02
3.07; 4.00; 4.09; 4.18 2.72; 3.35; 3.87; 3.94
2.77; 3.59; 3.82; 3.89 2.55; 2.77; 2.98; 3.33
2.77; 4.21; 4.63; 4.77 2.82; 3.83; 4.03; 4.07
2.74; 4.11; 4.53; 4.71 2.77; 3.75; 3.94; 4.01
2.67; 3.89; 3.99; 4.09 2.43; 3.21; 3.68; 3.89
Fig. 13. Global models with better fits for the relationship between hardened
density and UPV.
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0:95 0:34  ln UPVð Þ ð6ÞDEN ¼ 1
0:16þ 1:26UPV
ð7Þ3.5.2. Relationship between UPV and compressive strength
Despite the imprecise relationship between the hardened den-
sity and the UPV, the relationship obtained between this indirect
measurement and compressive strength was highly accurate, as
can be seen in Table 9. In this table, an analysis is shown of the
relationship between compressive strength (CS, in MPa) and UPVTable 9
Compressive strength (MPa) as a function of UPV (km/s).
Mixes with the same kind of cement Mixes with CEM I
Mixes with CEM III/A
Mixes with the same RCA 0/4 mm content Mixes with 0% RCA 0/4 mm
Mixes with 50% RCA 0/4 mm
Mixes with 100% RCA 0/4 mm
Mixes with the same aggregate powder Mixes with limestone filler
Mixes with limestone filler and limes
Mixes with limestone fines 0/0.5 mm
Mixes with RCA 0/0.5 mm
13(km/s) with distinctions between modifications in the composition
of the mixtures. All the developed models presented an optimum
fit (coefficients R2 greater than 97% in all cases). Nevertheless,
the formulation of the models with the best fit was altered with
each change in the composition of the mixes. Therefore, it is clear
that the equations that establish the relationship between com-
pressive strength and UPV are highly sensitive to the nature of
the materials used in the mixture [68]. In each particular case it
can be defined with high precision, although the formulation of
the equation is different. This performance shows the need to eval-
uate different mix compositions and formulations for an accurate
definition of this relationship [45], as has been done in this study.
Hence, a linear equation cannot be taken as valid to describe this
relationship accurately without an extensive analysis [47].
Due to the absence of a best-fit model with the same formula-
tion in various mixtures, the development of a global model that
relates compressive strength to UPV is essential, for an easy
description of the relationship between these two variables. In
addition, this model would have the advantages discussed above
(see Section 3.4). Fig. 14 shows that it is possible to obtain a highly
accurate overall model (coefficients R2 of 97%), if a large volume of
data is processed, despite the high sensitivity of the relationship
between compressive strength and UPV to changes in the mix
design. The two best-fit models for the relationship between these
two variables are shown in Eqs. (8) and (9), respectively. These
models were obtained as indicated in Section 3.4: all available data
were fitted by simple regression. Once again, two models were
used to avoid specific goodness-of-fit problems and to achieve
greater accuracy. However, Fig. 14 also shows a problem of these
global models that was not present when using the hammer
rebound index: a very narrow range of UPV (3.9–4.2 km/s) is
related to a very wide compressive strength interval (32–
52 MPa). Hence, slight variations in the measured UPV lead to a
considerable over- or underestimation of compressive strength.




; if 2:0 < UPV
< 2:7and4:4 < UPV < 5:0 ð8Þ
CS ¼ 3:22þ 2:45  UPVð Þ2; if 2:7 < UPV < 4:4 ð9ÞModel expression Coefficient R2 (%)
CS ¼ 0:87þ 0:36  UPV2
 2 97.23
CS ¼ 3:41þ 2:50  UPVð Þ2 97.05
CS ¼ 15:69þ 3:70  UPV2 98.19




CS ¼ 15:23þ 3:72Â  UPV2 97.64




CS ¼ 3:08þ 2:41  UPVð Þ2 96.94
CS ¼ 11:53þ 9:06  ffiffiffiffiffiffiffiffiffiUPVp
 2 96.79
CS ¼ 4:85þ 8:17  lnðUPVÞð Þ2 97.54
CS ¼ 11:57þ 9:04  ffiffiffiffiffiffiffiffiffiUPVp
 2 97.52
CS ¼ exp 6:58 11:21=UPVð Þ 98.84
CS ¼ exp 0:77þ 3:27  lnðUPVÞð Þ 98.73
tone fines 0/1 mm CS ¼ exp 6:68 11:58=UPVð Þ 99.03
CS ¼ exp 0:80þ 3:30Â  lnðUPVÞ
 
98.73
CS ¼ 2:42þ 2:25  UPVð Þ2 97.03
CS ¼ 13:48þ 3:57  UPV2 97.01
CS ¼ 13:19 27:10=UPVð Þ2 97.21
CS ¼ 5:10þ 8:34  lnðUPVÞð Þ2 97.05
Fig. 14. Global models with the best fit for the relationship between compressive
strength and UPV.
Fig. 15. Comparison between predicted compressive strength through UPV global
model (Table 10) and observed compressive strength.
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likely (Wm) and the least likely (Wmin) compressive strengths of
a set of cubic specimens as a function of the UPV test results. These
results were obtained by the joint treatment of both models (Eqs.
(8) and (9)), also shown in Fig. 14, and mean that the procedures
can be homogenized, facilitating the use of these models in real
works. The comparison between the observed compressive
strength and the one estimated by this model is graphically repre-
sented in Fig. 15. The estimate for this indirect measure was also
accurate and there was no observed strength below the minimum
expected value. However, the UPV model had a wider safety inter-
val than the hammer rebound index model, due to the different
problems that have previously been discussed, mainly the high
influence of the mix components, and the slight variation of the
UPV value for compressive strengths between 32 and 52 MPa. It
meant that the compressive strength estimation was more uncer-
tain when UPV was used. Nevertheless, the UPV compressive-
strength estimate was lower than the estimate based on the
hammer rebound index, which showed that this non-destructive
testing could be also used to estimate the compressive strength
of concrete at early ages [20].Table 10
Global model for the estimation of the compressive strength on cubic specimens as a fun
UPV Wm Wmin UPV Wm Wmin UPV Wm Wmin
2 2.1 1.0 2.55 8.7 6.2 3.05 18.1 14.4
2.05 2.6 1.3 2.60 9.5 6.9 3.10 19.2 15.4
2.10 3.0 1.6 2.65 10.4 7.6 3.15 20.3 16.4
2.15 3.5 2.0 2.70 11.2 8.3 3.20 21.5 17.4
2.20 4.0 2.4 2.75 12.1 9.1 3.25 22.6 18.5
2.25 4.6 2.8 2.80 13.0 9.9 3.30 23.8 19.6
2.30 5.2 3.3 2.85 14.0 10.8 3.35 25.1 20.7
2.35 5.9 3.8 2.90 15.0 11.6 3.40 26.3 21.8
2.40 6.5 4.4 2.95 16.0 12.5 3.45 27.6 23.0
2.45 7.2 4.9 3.00 17.0 13.4 3.50 28.9 24.2
2.50 8.0 5.5
Wm: most likely compressive strength value (MPa)
Wmin: minimum expected compressive strength value (MPa)
143.6. Joint use of the hammer rebound index and the UPV
The highly accurate models described in the previous sections,
to predict compressive strength through the hammer rebound
index or UPV analysis of a SF3 class SCC, mean that the composi-
tion effect of the mix may be disregarded for the prediction of
SCC strength [69]. Nevertheless, the use of a single indirect mea-
sure can lead to incorrect strength estimations, due to a wide vari-
ety of reasons, from poor calibration of the device used to
occasional irregularities within the concrete [2]. The best solution
to this problem is to use models with two variables (hammer
rebound index, and UPV) to estimate the strength, although they
have the disadvantage of complexity and their implementation is
difficult [1].
In this study, among the many existing functions that combine
the effect of the hammer rebound index and UPV to estimate com-
pressive strength, intuition appeared preferable to complex math-
ematic analyses. On the other hand, the validity of the simplest
possible regression model, the linear equation, for this relationship
is shown in both Table 6 and Table 9 (in Table 6, six over nine linear
functions; and, in Table 9, six over nine quasi-linear functions).ction of UPV (km/s).
UPV Wm Wmin UPV Wm Wmin UPV Wm Wmin
3.55 30.2 25.4 4.05 44.9 38.9 4.55 61.8 54.8
3.60 31.6 26.6 4.10 46.5 40.4 4.60 63.7 56.5
3.65 33.0 27.9 4.15 48.1 41.9 4.65 65.5 58.2
3.70 34.4 29.2 4.20 49.7 43.5 4.70 67.4 60.0
3.75 35.8 30.5 4.25 51.4 45.0 4.75 69.3 61.7
3.80 37.2 31.9 4.30 53.1 46.6 4.80 71.2 63.5
3.85 38.7 33.2 4.35 54.8 48.2 4.85 73.1 65.3
3.90 40.2 34.6 4.40 56.5 49.8 4.90 75.0 67.2
3.95 41.7 36.0 4.45 58.3 51.4 4.95 77.0 69.0
4.00 43.3 37.5 4.50 60.0 53.1 5.00 79.0 70.9
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lation between both indirect measurements under study and the
compressive strength. Therefore, a multiple quasi-linear regression
model (Eq. (10)) with a first-power interaction term by adjusting
all available data was defined to estimate compressive strength
(CS, in MPa) through the introduction of the hammer rebound
index values (HRI, values from 10 to 60 units) and the UPV values
(from 2.5 to 5.5 km/s). This model showed a high precision, with a
coefficient R2 of 98.50%.
CS ¼ 30:94þ 0:16  HRI þ 12:86  UPV þ 0:13  HRI  UPV R2 ¼ 98:50%
ð10Þ
Although this model is quite simple, Fig. 17 shows that the com-
bination of both non-destructive testing offers a precise and safe
way of estimating compressive strength. The difference between
the most overestimated experimental strength and the corre-
sponding estimated strength is not even 4 MPa, an acceptable mar-
gin for structural calculations with the conventional safety
coefficients [70]. This high precision is due to the fact that the esti-
mation errors of one indirect measurement are compensated by
the other. This model clearly improves the precision of other sim-
ilar models performed up to date for recycled concrete, which com-
bine indirect measures and semi-destructive methods [44].Fig. 16. Pearson product-moment correlations between hammer rebound index
(HRI), the UPV, and compressive strength (CS).
Fig. 17. Comparison between predicted compressive strength through the two-
variable model and observed compressive strength.
15Finally, Eq. 11 yields the minimum expected value of compres-
sive strength of this two-variable model. In this equation, meCS is
the minimum expected compressive strength, in MPa, and CS is
the estimated compressive strength, in MPa, calculated by Eq. (10).
meCS ¼ 0:92  CS 3:153.7. Validation of the models developed
The desirable validation of a model with data obtained from
other studies is, in this case, difficult, because this is the first study
in which the suitability of indirect measures has been studied in
SF3 class SCC, as indicated in section 1.1. To date, this aspect has
neither been analyzed in many studies on SCC of class SF2 (slump
flow between 650 and 750 mm), nor there is a general model for
this type of SCC. Moreover, fresh and hardened properties of SCC
are very sensitive to changes in its composition [31], so any varia-
tion in its flowability could significantly affect the accuracy of the
estimated compressive strength.
The global model represented in Eqs. 10 and 11 was tested with
data obtained from existing research works that studied both indi-
rect measures in SF2 class SCC [30,47,71–73]. The comparison
between the observed values of the referenced studies and those
calculated by the model is shown in Fig. 18. As expected, the fit
of data from other studies was less accurate than the data with
which the model was developed. Nevertheless, the adjustment
for SF2 class SCC is considered correct, since the average deviation
in absolute value of the predicted compressive strength compared
to the observed one was only 5.5%.
Two aspects of the validation should be highlighted:
 Firstly, it can be seen that the compressive strength was, in
most cases, underestimated by the model. This underestimate
was due to the lower flowability of the SCC, generally linked
to the increase in its compressive strength [41]. Thus, SF2 class
SCC yielded slightly higher compressive strengths (around 2–
6 MPa in the samples under study) for similar values of indirect
measurements.Fig. 18. Validation of the proposed model.
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was overestimated corresponded to SCC mixtures with a very
high content of RCA and alternative binders (in particular, fly
ash), which can in some cases lead to a sharp decrease in
strength [58]. Nevertheless, 90% of the mixes under study were
above the minimum expected value, which shows that the
safety margin provided by the model is adequate.
From this study, it can be inferred that the use of the developed
models in SF2 class SCC can be considered safe for medium-
strength SCC mixtures with a moderate content of by-products.
3.8. Use of the models
Throughout this paper, several models for estimating the com-
pressive strength through non-destructive testing of a highly SCC
have been provided. The proposed models can be used in two dif-
ferent ways:
 On the one hand, the equations obtained for a particular compo-
sition of SCC (type of cement, fine RCA content, and aggregate
powder nature) can be employed, which are shown in Tables
6 and 9. Each SCC mixture will usually fulfill one condition
regarding each of its components, that is, six models could be
used. Despite the accuracy of the models and their coefficient
R2, they can have specific goodness-of-fit problems, as
explained in Section 3.4.2. The authors therefore recommend
that the arithmetic mean of the results of the six equations be
calculated for safe and precise estimations and to compensate
for potential deviations.
 On the other hand, compressive strength can be estimated
through the global models that have been developed (Table 7,
Table 10, Eqs. 11 and 12). This option is recommended by the
authors, because specific goodness-of-fit problems were mini-
mized during their development, and the minimum expected
values of compressive strength were calculated. In addition,
these models are not dependent on the composition of the
SCC. Finally, the models are easier to use: the value of the ham-
mer rebound index and/or the UPV of the mixture is introduced
in the model directly, which quickly provides both the most
likely, and the minimum expected compressive strength.
4. Conclusions
In this paper, the possibility of estimating the compressive
strength through the hammer rebound index and the Ultrasonic
Pulse Velocity (UPV) of highly Self-Compacting Concrete (SCC) that
incorporates large amounts of Recycled Concrete Aggregate (RCA)
has been assessed.
A total of 24 SF3 class SCCs were developed to perform this
study, with different types of cement (CEM I or CEM III/A), fine
RCA contents, and types of aggregate powder. The hammer
rebound index, UPV, and the compressive strength of all mixtures
were determined at 1, 7, 28, and 90 days.
From the investigation, it was concluded that the mixtures
manufactured with 50% fine RCA optimized flowability, and com-
pressive strength simultaneously. Furthermore, the compressive
strength could be increased by the addition of CEM III/A, with
around 45% of GGBFS, due to the necessary replacement of coarse
aggregate by binder that was performed in these mixes to achieve
SF3 class SCC. This change also led the surface hardness of these
mixtures to depend more on the added binder, which produced
higher increases in the hammer rebound index than in conven-
tional concretes. On the other hand, the use of this alternative bin-
der delayed the development of strength over time, which meant
that the UPV values were not proportionate to the rise in compres-16sive strength at advanced ages. Finally, the joint use of fine RCA
and CEM III/A also yielded suitable in-fresh and hardened
behaviors.
On the other hand, indirect, accurate, and safe estimation of the
compressive strength of highly SCC, regardless of the mix compo-
sition, has been developed and verified with the data from other
studies. High precision models were obtained (Table 7, Table 10,
Eqs. 11 and 12).
From the aspects discussed throughout this article, the main
conclusions drawn are:
 The existing models for estimating the compressive strength in
non-recycled vibrated concrete through non-destructive testing
were not valid for SF3 class SCC. The hammer rebound index
underestimated the strength, while the use of the UPV test led
to an overestimation. These discrepancies were attributed to
the high content of the fine aggregate fractions that were
required to achieve such high levels of flowability.
 The model designed in this study to estimate compressive
strength as a function of the hammer rebound index presented
a robust formulation that was not affected by variations in the
composition of the mixtures, except for the nature of the aggre-
gate powder. The relationship between the compressive
strength and the UPV was much more sensitive, as it was
affected by any minimal change of the materials used in the
mix.
 The safety interval provided by the UPV model designed in this
study was slightly higher than when the hammer rebound
index was used to estimate compressive strength. This result
indicates that the prediction of compressive strength of SF3
class SCCs using the UPV model has a higher uncertainty, and
small changes to the value of this indirect measure can imply
large differences in the estimated strength.
 The estimation of compressive strength from one single indirect
measurement, the hammer rebound or the UPV, yielded robust
predictions. However, the combined use of both, by means of a
simple quasi-linear equation, yielded estimations of greater
precision.
In short, this study has provided robust models for predicting
the compressive strength through indirect measurements (ham-
mer rebound index or/and UPV) for SF3 class SCCs. These models
promote the use of recycled concretes in real structures, by provid-
ing a tool with which to monitor their strength during their con-
struction and lifecycle through non-destructive testing.
Moreover, the models and procedures explained in this article
can be used as a basis for the development of similar models for
other recycled and/or non-conventional types of concrete. This
study has, therefore, opened up a very interesting future line of
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